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Abstract 
The ability of poly(acrylic acid) (PAA) with different end groups and molar masses prepared 
by Atom Transfer Radical Polymerization (ATRP) to inhibit the formation of calcium 
carbonate scale at low and elevated temperatures was investigated. Inhibition of CaCO3 
deposition was affected by the hydrophobicity of the end groups of PAA, with the greatest 
inhibition seen for PAA with hydrophobic end groups of moderate size (6-10 carbons). The 
morphologies of CaCO3 crystals were significantly distorted in the presence of these PAAs. 
The smallest morphological change was in the presence of PAA with long hydrophobic end 
groups (16 carbons) and the relative inhibition observed for all species were in the same order 
at 30°C and 100 °C. As well as distorting morphologies, the scale inhibitors appeared to 
stabilize the less thermodynamically favorable polymorph, vaterite, to a degree proportional 
to their ability to inhibit precipitation. 
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Highlights 
 End-groups strongly affect the effectiveness of polymeric scale inhibitors of CaCO3 
 Poly(acrylic acids) with end-groups of moderate hydrophobicity are most effective 
 This is true for temperatures between 25°C and 100°C 
 Effective scale inhibitors also stabilize less stable polymorphs of  CaCO3 
Keywords: Crystallization, calcium carbonate, polyelectrolytes, scale inhibitor, SEM 
(Scanning Electron Microscopy), XRD (X-Ray Diffraction), poly(acrylic acid), ATRP (Atom 
Transfer Radical Polymerization) 
Introduction  
Calcium carbonate is one of the most common scales found in both thermal (e.g., multi stage 
flash, MSF) and membrane (e.g., reverse osmosis) desalination processes. At lower 
temperatures, it is the main component of alkaline scale, while at higher temperatures it is 
found mixed with magnesium hydroxide in desalination plant scales.[1] The exact 
temperature at which Mg(OH)2 deposition becomes competitive with CaCO3 deposition will 
depend on the extent to which carbon dioxide is degassed from the brine.[2] 
In MSF desalination, CaCO3 generally appears above 45°C as a result of the thermal 
decomposition of the bicarbonate ion (Re. 1); increasing temperature pushes bicarbonate to 
carbonate by the entropically-favoured reaction. 
2HCO3¯ (aq)  CO32– (aq) + CO2 (aq) + H2O (l)                                                                            
Re. 1 
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The precipitation of CaCO3 occurs when the ion product exceeds the Ksp (Re. 2). The 
concentration of Ca2+ and HCO3– ions in standard seawater (Salinity = 35 g/kg) are 10.3 and 
1.8 mM respectively, but the concentration of CO32– will be much lower and sensitively 
dependent on conditions.[3] 
Ca2+ (aq) + CO32– (aq)  CaCO3 (s)                                                                                                                                              
Re. 2 
Calcium carbonate can be found as an amorphous solid and in three different crystalline 
forms, calcite (Ksp at 25 °C = 3.3 × 10–9), aragonite (Ksp at 25 °C = 4.6 × 10–9) and vaterite 
(Ksp at 25 °C = 1.2 × 10–8)[4, 5] listed in order of increasing solubility and decreasing 
thermodynamic stability. The crystal shape and morphology of calcium carbonate 
precipitation is affected by factors such as temperature, pH, supersaturation, the ratio of 
[Ca2+]/[CO32–]and the presence or absence of additive.[6] At high temperatures (T > 70 °C), 
aragonite is favored, while calcite is favored at low temperature (T < 30 °C). At any 
temperature all polymorphs eventually recrystallize to the thermodynamically-favored 
calcite.[7] Rhombohedral calcite is favored at a 1:1 [Ca2+]/[CO32-] ratio, while scalenohedral 
calcite is favored when the [Ca2+]/[CO32-] ratio  ≥1.2.[7] 
To control scaling in desalination plants, several methods of control have been adopted. The 
most important methods are acid treatment, mechanical cleaning and the use of polymeric 
scale inhibitors. The primary method used historically to control scale formation in MSF 
desalination plants has been acid treatment. In this treatment, the pH of seawater is 
maintained around 4.5 using acid, most often sulfuric acid due to its low cost. Controlling the 
pH of treated seawater is crucial for both inhibition of scale and prevention of corrosion. Acid 
reacts with the CO32– and HCO32– ions present in seawater yielding H2O and CO2 and 
preventing formation of CaCO3 and Mg(OH)2.[8] 
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Scale inhibitors are chemical additives used to control the formation and/or deposition of 
scale. There are three common groups of polymeric scale inhibitors: Polymers containing 
carboxylic acids such as poly(acrylic acid) and poly(maleic acid); polymers containing 
phosphate groups, such as polyphosphates and polyphosphate esters; and polymers 
containing sulfonate groups.[9] The attractive features of these chemical additives include 
ease of handling, relatively low cost, low dose rate, and ability to inhibit hard calcium sulfate 
scale formation.[10, 11]  
It has been suggested that scale inhibitors may operate by three distinct mechanisms; by 
sequestration, dispersion, or adsorption.[9] As solubility is defined as the maximum 
concentration of dissolved ions in equilibrium with solid phase at a fixed temperature and 
background ionic composition, that maximum concentration of dissolved ions can be reduced 
prior to nucleation by sequestration with scale inhibitors.  
Scale forms primarily heterogeneously, on interfaces (of bubbles, plant surfaces, and particles 
of suspended matter), but this heterogeneous nucleation is still primarily in the bulk phase. If 
scale particles formed in solution can be prevented from aggregating onto surfaces and 
remain suspended in the final brine, they will not contribute to scaling. By adsorbing to the 
surface of these particles and providing addition electrostatic and/or steric stabilization, scale 
inhibitors can retard aggregation of these particles, effectively dispersing them in suspension 
until they are ejected in the waste brine.  
Differences in crystal form can arise from selective adsorption of scale inhibitors on the 
points of crystal growth, causing differential reduction in the growth rate of different crystal 
planes. For example, in the case of calcium carbonate, scale inhibitors can stabilize the 
vaterite and prevent its transformation into calcite or aragonite.[12]  The new crystal 
morphologies may grow more slowly overall, may not aggregate as effectively as the native 
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crystal morphologies, or may form a deposit that is more porous and more easily 
removed.[13] 
We have previously found in investigations of inhibition of the related calcium oxalate 
(CaC2O4) scaling system (prevalent in sugar manufacture) that the effectiveness of 
poly(acrylic acid) (PAA) scale inhibitors is sensitively dependent not only on dose and molar 
mass, but on the end-groups attached to the polymer.[14-16] Reversible-termination radical 
polymerization methods, such as Reversible Addition Fragmentation chain Transfer 
(RAFT)[17]and Atom Transfer Radical Polymerization (ATRP)[18] provide a way in which 
the molar mass and end-group functionality of PAA can be controlled to a high degree of 
precision, enabling such structure-property relations to be conclusively established. For 
CaC2O4 scaling, we found that most effective scale inhibition by PAA was obtained not for 
hydrophilic end groups, or hydrophobic end-groups large enough to generate significant 
surface activity, but moderately hydrophobic end-groups.[14] These polymers had the 
greatest impact on crystal speciation and morphology.[15] 
The main aim of this paper is to determine if similar trends occur in CaCO3 scaling as have 
been observed previously for CaC2O4. The efficiency of PAA of controlled molar mass with 
different end-groups as inhibitors of CaCO3 crystallization in the bulk solution was 
determined at ambient and elevated temperatures, using conductivity and turbidity 
measurements. We have also previously observed differing impacts of this same set of PAAs 
on the decomposition of the HCO3– ion which suggests they should have different effects on 
CaCO3 scaling.[19] 
 
Experimental  
2.1 Synthesis and characterization of Poly(Acrylic Acid) 
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Poly(acrylic acid) with different end-groups (Table 2) and molar masses were synthesized by 
atom transfer radical polymerization (ATRP) of t-butyl acrylate and subsequent hydrolysis 
with trifluoroacetic acid, as described previously.[15] Molar masses of PAA were estimated 
by 1H and NMR spectroscopy (Bruker-300) and Gel Permeation Chromatography (GPC 
Waters 1525 HPLC, Waters auto-sampler 712 WISP and Waters 2414 RI detector). 
 
The following PAA were tested: Carboxymethyl-1,1-dimethyl-PAA (CMM-PAA, Mn = 1500, 
7600, 11800); Ethyl-isobutyrate-PAA, (EIB-PAA Mn = 1700, 5100, 7200); Cyclohexyl- 
isobutyrate-PAA (CIB-PAA, Mn = 1700, 1900, 3500, 5100, 8400, 11000, 13200); n-Hexyl-
isobutyrate-PAA (HIB-PAA, Mn = 1400, 2000, 3600, 4200, 6700, 8900, 13100); n-Decyl-
isobutyrate-PAA (DIB-PAA, Mn = 2400, 4500, 6200); n-Hexadecyl-isobutyrate-PAA (HDIB-
PAA, Mn = 1700, 4100, 9400, 7200) (see Supplementary material, Figure S1). 
 
2.2 Crystallization Test Conditions 
 
Two stock solutions, 0.167 M CO32– as Na2CO3 (10000 ppm) and 0.413 M Ca2+ as CaCl2 
(16500 ppm), were prepared. These solutions were filtered and degassed using a 0.45 μm 
Millipore solvent filter. PAA solutions were prepared by dissolving 0.015 g of PAA in 20 mL 
water (750 ppm) and were used after three days to ensure complete dissolution of the 
polymer.  
Tests were conducted at a pH of 9.2 under four sets of conditions of varying temperature and 
supersaturation level (SL = Qsp/ Ksp, where Qsp is the solubility quotient), as outlined in Table 
1. It should be noted that the Ca2+ concentrations are much less than those expected under 
typical thermal desalination conditions, and at a correspondingly lower [Ca2+]/[ CO32–] ratio: 
thus while the supersaturation values are comparable to thermal desalination conditions, they 
correspond to distinctly different environments for crystal growth.[20] 
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Table 1- Crystallization test conditions with PAA  
Time-resolved measurements of crystal formation, and microscopic examination of the 
crystals formed in these experiments was carried out to see if any changes in speciation and 
morphology analogous to those seen in the calcium oxalate system could be observed for 
CaCO3. 
2.2.1 Determination of turbidity and conductivity at 25 °C  
Filtered (0.45μm cellulose acetate membrane) deionized water (246 mL) was placed in a 500 
mL cleaned beaker containing the conductivity probe and meter (Beta 81, CHK Engineering). 
Under magnetic stirring, one drop of 0.1 M NaOH, Ca2+ as CaCl2 solution to give a final 
concentration of 66 ppm and scale inhibitor solution to give a final concentration 1.5 ppm 
were added. The solution was pumped continuously through a 1 cm Quartz flow cell using a 
Gilson peristaltic pump (Minipuls 2) with 4 mm silicon tubing and then returned to the main 
mixture. CO32– as Na2CO3 solution was added to the beaker to give a final concentration of 
100 ppm.  A UV-Vis spectrophotometer (Unicam spectrophotometer SP6-550) was used to 
measure the increase in turbidity with time by recording apparent absorption at 900 nm 
(where absorbance is negligible). Recording of absorbance at 900 nm started 20 s after 
addition of CO32– solution. Due to the formation of air bubbles at high temperatures which 
interfere with turbidity measurements, turbidity measurements were only recorded at 25 °C 
(condition set 1). 
Analog outputs from conductivity probe and spectrophotometer were digitally converted 
using a Picolog A/D Converter 16 (16 Bit) and Picolog recording software and data was 
acquired every 5 and 10 s. After each experiment all equipment was flushed multiple times 
with weak acid followed by R/O water.  
2.2.2 Determination of conductivity at 60°C 
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Filtered (0.45μm cellulose acetate membrane) deionized water (98.25 mL) was placed in a 
clean cell containing the conductivity probe and thermometer. One drop of 0.1 M NaOH, 
Ca2+ as CaCl2 solution to give a final concentration of 66 ppm and scale inhibitor solution to 
give 1.5 ppm were added to the cell under stirring. Recording of conductivity started when 
the solution reached the target temperature and 20 s later CO32– as Na2CO3 solution to give a 
final concentration of 100 ppm was added to the cell. Conductivity was measured by a 
conductivity probe and meter (Beta 81, CHK Engineering).  
2.3 Steady state and induction time 
The steady state (SS) is defined as the conductivity of the system when it is under 
equilibrium, that is, the measured conductivity when there is no more precipitation and 
conductivity value remain stable.  Inhibition efficiency supersaturation level (% IE) was 
determined by applying the following equation (Eq. 1)  
% ܫܧ ൌ ቂሺௌௌି஼ಳ೗ೌ೙ೖሻሺ஼౿ି஼ಳ೗ೌ೙ೖሻ ቃ  ൈ 100                                                                  (Eq. 1) 
Where SS is the steady state value of conductivity, CBlank is the equilibrium conductivity 
value of the system with no PAA under the given conditions, and C0 is the conductivity value 
before any CaCO3 scale formation under the given conditions. For example % IE of PAA at 
without any CaCO3 scale formation = 100% and IE of blank = 0%. 
Induction time (IT) is a measure of the time before any effects of crystal formation on 
macroscopic properties of the reaction mixture can be observed. It was measured by fitting a 
straight line to the decreasing part of the conductivity curve (Figure 1a) or increasing part of 
the turbidity curve (Figure 1b) and a straight line to the initial invariant part of the curve. The 
induction time is then measured as the intersection of these two lines, as illustrated in Figure 
1. 
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Figure 1 - Determination of induction time and steady state for three different 
experiments (fine grey lines) and their average (thick grey line) for a solution containing 
Ca2 + and CO32– ions and 1.5 ppm HDIB-PAA (Mn = 17200) under condition set 1 (SL = 
556, T = 25°C) by conductivity (a) and turbidity (b).  
 
2.4 Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD) and Fourier 
Transform Infrared Spectroscopy (FTIR) 
Crystals of CaCO3 in the presence and absence of PAA (Mn ≤ 2000) under condition set 4 
were collected after 1000 s and filtered through 0.45 μm pore size cellulose acetate filter 
paper and then characterized by SEM, ATR-FTIR and XRD. Scale samples were gold-coated 
and SEM images obtained using a FEI Quanta 200 Environmental SEM at an accelerating 
voltage of 15 kV. XRD was carried out using a Rigaku diffraction camera with an X-ray 
generator with Cu Kα radiation of wavelength 1.5418 Å at the X-Ray Analysis Facility, 
Queensland University of Technology, Brisbane, Australia. FTIR was carried out using a 
Varian 660-IR Spectrometer.  
3. Results 
The conductivity and turbidity measurement curves of solutions containing Ca2 + and CO32– 
ions and PAA with different end groups and molar masses under the conditions described in 
section 2 are detailed below. First, results obtained at 25°C (condition set 1), then 60°C 
(condition set 2) and then 100°C at relatively low (condition set 3) and relatively high 
(condition set 4) supersaturation values. Following the presentation of these results, the 
results of characterizations carried out on crystals formed at 100 °C (condition set 4) – SEM, 
FTIR, and XRD – will be given. 
3.1 Inhibition of CaCO3 crystallization at room temperature (condition set 1)  
Induction times were determined by conductivity and turbidity measurements in the absence 
and presence of PAAs under condition set 1.  No statistically significant difference between 
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the IT values determined by conductivity and turbidity measurements for CaCO3 formation at 
room temperature.   However, at short times it can be seen that systematically longer IT are 
reported using conductivity rather than turbidity, suggesting that the initially formed colloidal 
particles scatter considerable light while their effect on conductance is still marginal 
compared to the starting conditions of the solution (see Supplementary material, Figure S2). 
The IT values measured by the two methods thus correspond to different physical states of 
the system and are not directly comparable.     
For condition set 1, CBlank = 419 μS/cm and C0 = 592 μS/cm. The inhibition efficiency, 
conductivity and turbidity measurements of PAA under condition set 1 allowed the PAA to  
Group One - For the lowest molar mass of PAA (Mn ~ 2000) with hydrophilic end group and 
short and medium hydrophobic end groups, such as carboxymethyl-1,1-dimethyl (CMM), 
ethyl isobutyrate (EIB), hexyl isobutyrate (HIB) and cyclohexyl isobutyrate (CIB) 
terminated-PAA, excellent % IE were obtained. No precipitation was observed and the 
turbidity and conductivity changed very slowly, therefore no induction time could be reported 
(Table 2). 
Group Two - For decyl isobutyrate (DIB) terminated-PAA, HIB-PAA and CIB-PAA of 
moderate molar mass (Mn ~ 6000), % IE were generally good, and little precipitation was 
observed, with high induction times. 
Group Three - For the highest molar mass of PAA (Mn > 9000) for all end groups except 
CMM, and for all molar masses for the longest end group hexadecyl isobutyrate (HDIB), % 
IE is less than 50 %, with distinct induction times. 
Table 2 - Induction times (IT) and % inhibition efficiency (% IE) of PAA for CaCO3 
formation under condition set 1.  ‘unclear’ indicates that no clear transition 
corresponding to an induction time could be observed. (1) Group one, no precipitation 
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and no significant change in conductivity. (2) Group two, minor precipitation with long 
IT, (3) Group three, more significant precipitation and shorter IT.  
 
Figure 2 - Inhibition efficiency (% IE) of CaCO3 formation by PAA with different 
molar mass and end groups (× CMM,  EIB,  CIB,   HIB,  DIB and  HDIB) 
under condition set 1 (SL = 556, T = 25°C).  
3.2 Inhibition of CaCO3 crystallization at elevated temperatures (condition sets 2, 3 and 
4)  
Since CaCO3 is the predominant alkaline scale in MSF plants at temperatures less than 100 
°C, the %IE was determined at 60 and 100 °C. Under condition set 2, conductivity 
measurements were used to determine the % IE of PAA with different end groups and molar 
mass to inhibit CaCO3 crystallization in bulk solution for the polymers which performed very 
well ( IE = 100 %) under condition set 1.  
3.2.1 Inhibition of CaCO3 crystallization at 60 °C  
Under condition set 2, conductivity measurements was used to determine the % IE and 
induction time of PAA with different end groups and molar mass in the range of (1400-9000) 
to inhibit CaCO3 formation in bulk solution (Table 3, Figure 3). 
For condition set 2, CBlank = 453 μS/cm and C0 = 650 μS/cm. The % IE and induction time of 
PAA with different end groups and molar mass allows the PAA to be divided into two 
groups. 
Group One: Low molar mass PAA with hydrophilic end group (CMM) and short and 
medium hydrophobic end groups, such as EIB-PAA (Mn = 1669 , HIB-PAA (Mn = 1403) and 
CIB-PAA (Mn =1689) showed good inhibition efficiency (% IE > 50) and high induction 
times. 
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Group Two: PAA with molar mass more than 4000 for hydrophilic end group (CMM) and 
short and medium hydrophobic end groups (EIB, CIB and HIB), and low molar mass PAA 
with long hydrophobic end groups (DIB and HDIB), which showed low inhibition efficiency 
(% IE < 30 %) and low induction times.   
Table 3 - Induction times (IT) and % inhibition efficiency (% IE) of PAA for CaCO3 
formation under condition sets 2, 3 and 4. 
 
Figure 3 - Inhibition efficiency (% IE) of CaCO3 formation by PAA with different end 
groups and molar masses under condition set 2 (SL = 983, T = 60°C).  
 
3.2.2 Inhibition of CaCO3 crystallization at 100 °C (condition sets 3 and 4) 
As the conductivities of Ca2+ and CO32– at 100 °C were greater than at lower temperatures, 
causing the total conductivity to exceed the scale of the conductivity meter used, the system 
of CaCO3 crystallization recording was changed by increasing the cell constant. Considering 
the decrease in % IE and induction time of PAA with molar mass more than 2000 under 
condition set 2 (60°C), only the lowest molar mass PAA with different end groups were 
chosen for investigation under condition sets 3 and 4 (Table 3). The concentration of PAA 
was increased to 6.7 ppm under condition set 4 to make the trends in % IE and induction time 
of PAA with different end groups more evident. While condition set 4 maintained the same 
equimolar Ca2+:CO32– ratio as condition sets 1 and 2, condition set 3 employed an excess of 
Ca2+. 
Conductivity results for condition sets 3 and 4 are summarized in Figures 4 and 5 
respectively. 
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Figure 4 - Conductivity measurements of solutions containing Ca2+ and CO32- ions and 
0.50 ppm PAA (Mn ≤ 2000) with different end groups under condition set 3 (SL = 277, T 
= 100 °C) with end groups: ■ HIB, ■ CIB, ■ EIB, ■ CMM, ■ DIB, ■ HDIB and ■ Blank. 
 
Figure 5 - Conductivity measurements of solutions containing Ca2+ and CO32- ions and 
6.7 ppm PAA (Mn ≤ 2000) with different end groups under condition set 4 (SL = 1629, T 
= 100 °C) with end groups: ■ HIB, ■ CIB, ■ EIB, ■ CMM, ■ DIB, ■ HDIB and ■ Blank. 
 
It can clearly be seen that at higher temperatures the difference between PAA bearing 
different end-groups is reduced, but not to any dramatic extent, and that the relative 
effectiveness of the different PAA is retained under the two sets of conditions; the only 
difference in the reversal in order of HDIB-PAA and DIB-PAA in order of effectiveness at 
the higher SL.  
The similarity between the results under condition set 3 and condition set 4 requires 
explanation. At the same supersaturation level, less scale control would be expected at 0.5 
ppm than 6.7 ppm; but very similar results are seen in both cases. However, the concentration 
of the scale-forming ions is considerably lower in condition set 3 and the ratio of SL values in 
the two systems (5.9) is roughly comparable to the difference in PAA concentrations (13.4).  
 
3.3 SEM, XRD and FTIR results 
In the absence of PAA, CaCO3 crystals occurred primarily as a mixture of calcite and 
aragonite in a rod-like morphology as shown by SEM (Figure 6) with traces of rhombohedral 
calcite (Figure 11(a)) and hexagonal florettes of vaterite (Figure 12(a)). FTIR results showed 
two peaks at 711 cm–1 indicating calcite polymorph and at 1082 cm–1 indicating aragonite 
formation (Figure 7(a)),[21] while the XRD of these crystals suggest they are largely 
aragonite (Figure 8(a)).  
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After background correction, XRD results showed the CaCO3 present was a mixture of 
calcite and aragonite (Figure 8). Those results may indicate that the rod-like morphology 
consisted originally of aragonite polymorph as was observed by Yang et. al.[22] 
 
Figure 6 - SEM micrograph magnification (× 500) of rod-like CaCO3 crystals, identified 
by XRD as largely aragonite, in the absence of PAA under condition set 4 (SL = 1629, T 
= 100 °C). 
 
Figure 7 - FTIR spectra of CaCO3 crystals prepared under condition set 4 (SL = 1629, T 
= 100 °C). A: aragonite, C: calcite, V: vaterite. (a) in the absence of PAA; (b) in the 
presence of DIB-PAA (Mn = 2400) 
 
Figure 8 - XRD of CaCO3 crystals after subtraction of background under condition set 
4 (SL = 1629, T = 100 °C). A: aragonite, C: calcite, V: vaterite.  (a) in the absence of 
PAA (Blank); (b) in the presence of CMM-PAA (Mn = 2100); (c) in the presence of DIB- 
PAA (Mn = 2400); (d) in the presence of HDIB- PAA (Mn = 1700). 
 
In the presence of low molar mass PAA with different end groups, two points can be 
observed from the SEM micrographs (×500) of CaCO3 crystals. First is the significant 
reduction in the population of CaCO3 crystals in order of HIB > CIB > CMM > HDIB > DIB 
which is compatible with the conductivity measurements under condition set 4 (Figure 9). 
Second is the  distortion in crystals of the different polymorphs of aragonite (Figure 10), 
calcite (Figure 11), and vaterite (Figure 12) in the same order. This is presumably due to 
adsorption of PAA with different end groups to the active faces of growing nuclei of 
CaCO3.[23] 
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The results of SEM (Figure 9) and XRD (Figure 8(b)) for PAA with a hydrophilic end group 
(CMM) showed the CaCO3 crystals to be mostly calcite of rhombohedral morphology, with 
distorted edges. The hydrophilicity of the CMM group may make the effect of PAA on the 
growth stage of calcium carbonate precipitation more pronounced than at the nucleation 
stage, and it appears to be much less selective in its effect, in that all crystals formed in the 
presence of CMM-PAA are significantly distorted, while the rod-like crystals formed in the 
presence of DIB-PAA and HDIB-PAA show little distortion (Figure 104). 
 
In contrast to PAA-CMM, the SEM of crystals grown in the presence of PAA with long 
hydrophobic end groups (DIB and HDIB) show crystals of CaCO3 were a mixture of rod-like 
aragonite, vaterite florettes and a few single crystals of rhombohedral calcite (Figures 9-12). 
The formation of vaterite flower polymorph may be due to the adsorption of PAA on active 
vaterite surfaces, preventing the transformation of vaterite into aragonite or calcite. The 
distortion of different polymorphs by DIB-PAA and HDIB-PAA was the least in comparison 
to other hydrophobic end groups of PAA. Moreover, the rod-like crystals were shorter (~ 28 
and 29 µm in the presence of PAA with HDIB and DIB respectively) than the same 
morphologies in the absence of PAA (~ 63 µm) (Figure 10).  
Due to the control of CaCO3 formation by HIB-PAA and CIB-PAA, no peaks could be 
observed by FTIR or XRD. However, there were traces of single crystals in different habits 
with rod-like crystals (14 µm), rhombohedral calcite and vaterite all detected by SEM. Those 
images illustrate the highest distortion in different forms, which may be due to the mid-length 
hydrophobic end groups discouraging PAA chains from desorbing from the nuclei of CaCO3 
as fast as PAA with hydrophilic end groups, delaying the growth of the CaCO3 nuclei. 
Alternatively, the hydrophobic end-groups may lead to preferential adsorption at the edges 
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between more and less charged surfaces, giving a higher degree of distortion per amount of 
polymer adsorbed. 
Figure 9 - SEM micrographs (× 500) of CaCO3 crystals in the presence of PAA (Mn ≤  
2000) with different end groups under condition set 4 (SL = 1629, T = 100 °C). (a) 
CMM-PAA; (b) CIB-PAA; (c) HIB-PAA; (d) DIB-PAA; (e) HDIB-PAA 
  
Figure 10 - SEM micrographs (× 2000) of aragonite rod-like CaCO3 morphology under 
condition set 4 (SL = 1629, T = 100 °C) in the absence (a) and in the presence of PAA 
(Mn ~ 2000) with different end groups; (b) CMM-PAA; (c) HIB-PAA; (d) DIB-PAA; (e) 
HDIB-PAA 
 
Figure 11 - SEM micrographs (× 30000) of calcite rhombohedral morphology under 
condition set 4 (SL = 1629, T = 100 °C) in the absence (a) and in the presence of PAA 
(Mn ~ 2000) with different end groups; (b) CMM-PAA; (c) HIB-PAA; (d) DIB-PAA; (e) 
HDIB-PAA. 
 
Figure 12 - SEM micrographs (× 10000) of vaterite flower morphology under condition 
set 4 (SL = 1629, T = 100 °C) in the absence (a) and in the presence of PAA (Mn ~ 2000) 
with different end groups; (b) CMM-PAA; (c) CIB-PAA; (d) HIB-PAA; (e) DIB-PAA; 
(f) HDIB-PAA 
 
3.4 Discussion  
The target molar mass of scale inhibitors for good control of scale formation is 1000-3000.[9] 
In the results presented here for CaCO3 scaling, PAA in that molar mass range were generally 
most effective in inhibition of CaCO3 crystallization.  The results for all conditions showed 
that the nature of the end groups terminating PAA played a very important role, as previously 
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reported for calcium oxalate scaling. In general, the two measurements of effectiveness 
(induction time, IT, which relates to the nucleation stage of scale formation and inhibition 
efficiency, % IE, which relates to the growth stage of scale crystals) tracked each other 
closely, with an additive giving a good result by one measure also giving a good result with 
the other.   
Induction  time was affected by the hydrophobicity of end groups, with the hydrophobic end 
groups have a usually longer  induction time than the hydrophilic end groups, as previously 
found in the calcium oxalate system.[14] This may possibly be because the hydrophobic end 
groups discourage the PAA chains from desorbing from the nuclei of CaCO3 as fast as PAA 
with hydrophilic end groups, delaying the growth of the CaCO3 nuclei.  However, IT 
measurements showed a higher variability and a reduced difference between PAA than 
measurements of % IE, consistent with the greater variability in the nucleation stage of 
scaling. 
The % IE of CaCO3 precipitation was affected strongly by the size of the end groups. PAAs 
with short end groups with both hydrophilic (CMM) and hydrophobic (EIB) and middle 
hydrophobic end groups (CIB and HIB) of PAA were found to have excellent inhibition 
efficiency (100 %) at room temperature and are more efficient than PAA with long 
hydrophobic end groups (DIB and HDIB) at all temperatures investigated (25-100°C). At 
high temperature, the inhibition efficiency of PAA with hydrophobic end groups of moderate 
size (CIB and HIB) remained superior. The inhibition efficiency and induction time of PAAs 
decreased with the increasing temperature, which is reasonable since at higher temperatures, 
the solubility product of CaCO3 will decrease to give a greater thermodynamic driving force 
for crystallization. Therefore, more rapid and less reversible adsorption of PAA to delay the 
crystal growth of CaCO3 will be more required than at low temperature.  
18 
 
It has been found for calcium oxalate that the best performance of PAA inhibitors occurs at 
an equimolar ratio of cations to anions,[24] while the similarity between results obtained in 
this work at very different inhibitor concentrations (0.5 and 6.7 ppm) at different Ca2+:CO32– 
ratios (1.8 and 1.0) may suggest that in the calcium carbonate scaling system an excess of 
cations is preferable. However, the concentrations of scale-forming ions were also different in 
the two systems, making it impossible to draw any conclusion. 
Different charge densities readily develop on different faces of growing crystals, with 
molecular dynamics being an ideal tool to estimate these values.[25] Based on our previous 
results on calcium oxalate where marked changes in crystal morphology were observed,[15] 
we advanced the hypothesis of ‘edge activity’,[26] where end-group modified 
polyelectrolytes might partition selectively to edges between growing interfaces with 
different charge densities – specifically, to the edge between a highly negatively-charged and 
a near neutral face – as a mechanism to achieve greater effectiveness than indiscriminate 
adsorption of scale inhibitor to crystallites. In order to investigate this further, SEM and XRD 
measurements were carried out on the crystal products formed under condition set 4. 
The formation of different polymorphs of CaCO3 crystals precipitated under condition set 4 
([Ca2+]/[CO32-] = 1, SL = 1629 and T = 100 °C) can be explained by a dissolution-
recrystallization mechanism, where the least thermodynamically stable phase is initially 
formed, and dissolves and reprecipitates in the absence of scale inhibitor to a more stable 
phase. 
We suggest that the less thermodynamically stable vaterite phase is formed first, consistent 
with Ostwald’s rule of stages which holds that the least thermodynamically stable phase is 
usually kinetically preferred.[27]  All scale inhibitors can bind to this phase to some extent, 
retarding its dissolution and leading to distorted crystals. Aragonite and calcite then both 
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form from these vaterite crystals by a process of dissolution and recrystallization, with the 
crystals formed being considerably more distorted and showing a higher degree of twinning 
then in the absence of scale inhibitor.  
The nature and length of end groups of PAA play a significant role in the distortion of 
different polymorphs of calcium carbonate. The highest distortion in those polymorphs was 
in the presence of PAA with end groups of moderate hydrophobicity (HIB and CIB) while 
the lowest distortion was in the presence of PAA with long end groups (DIB and HDIB) 
(Figures 10-12). This distortion is likely to be dependent both on the selectivity of PAA with 
different end groups to adsorb on different active faces of CaCO3 crystals and its likely rate  
of adsorption/desorption to/from those active faces.[28] It is to be expected that PAA will 
adhere most readily to the most positively charged faces of the growing crystals. 
Hydrophobic end-groups would be expected to prefer relatively uncharged surfaces, possibly 
directing PAA toward edges; while longer hydrophobic groups may self-assemble, leading to 
unselective PAA adsorption and retarding desorption. 
 In Table 4 it can be seen that effective scale inhibitors also gave shorter rod-like crystals and 
smaller vaterite florettes, suggesting again that they have a strong impact on growth as well 
as nucleation.  Although the inhibition efficiency of PAA with DIB and HDIB end groups 
were the lowest (18.2 ± 17 and 45.5 ± 5.7 respectively), the action of these polymers as scale 
inhibitors can clearly be seen in the reduction of rod-like population (comparison with the 
blank) and the stabilization of vaterite metastable polymorph (Figure 9 (d,e)). The correlation 
between % IE and amount of rod-like polymorph formed can be observed in these images.  
Finally, in contrast to the action of these same scale inhibitors previously reported on the 
calcium oxalate system,[15] all changes in morphology observed in the calcium carbonate 
system tended to a loss of definition in the structures. This suggests a relatively 
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indiscriminate adsorption of polymer to all surface and/or edges, which is not surprising 
considering the high (6.7 ppm) concentration of inhibitor employed in condition set 4. Work 
is currently underway on the behavior of PAA at lower concentrations and over a range of ion 
ratios.  
Table 4 - The relationship between the nature and length end groups of PAA and the 
distortion and speciation of CaCO3 polymorphs under condition set 4. 
 
4  Conclusion 
The inhibition efficiency of PAA with different end groups and molar masses as scale 
inhibitors to prevent CaCO3 formation in bulk solution was studied at temperatures ranging 
between 25 and 100 °C using conductivity and turbidity. The results showed that both molar 
mass and the nature of the end group of PAA affect the inhibition of CaCO3 scale. Low molar 
mass PAA with short and moderately-sized end groups had relatively high inhibition 
efficiency and long induction times under all conditions investigated, while all high molar 
mass PAA had poor inhibition efficiency of CaCO3. Low molar mass PAA with long 
hydrophobic end groups had poor inhibition efficiency of CaCO3 scale. At room temperature, 
the lowest molar mass of PAA with hydrophilic end group showed good efficiency in the 
inhibition of CaCO3 scale making it suitable for use as a scale inhibitor in RO desalination. 
However, with increasing temperature, the lowest molar mass of PAA with different middle 
hydrophobic end groups gave a better inhibition efficiency and induction time than PAA with 
hydrophilic end groups. These results suggest that the lowest molar mass PAA with end 
groups of moderate hydrophobicity are more suitable as scale inhibitors in MSF desalination.  
Effectiveness of the inhibitors declined with increasing temperature, but the relative 
effectiveness of the inhibitors according to end-group remained essentially the same. At 
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100°C, 0.5 ppm PAA applied to a system with SL = 277 gave approximately the same 
inhibition efficiency (% IE) as 6.7 ppm applied at SL = 1629, with the order of efficiency of 
the different end-groups being almost identical. 
The nature and length of end groups of PAA had a major effect on the morphologies of 
CaCO3 obtained at 100°C with 6.7 ppm. The highest distortion in the CaCO3 polymorphs was 
for PAA with mid-hydrophobic end groups. However, the lowest distortion in different 
CaCO3 polymorphs was for PAA with long-hydrophobic end groups. These results may due 
to its rate of adsorption/desorption on the active faces of CaCO3 polymorphs. The 
conductivity and morphology results are compatible, where the % IE of CaCO3 formation and 
the distortion of its morphologies have same order of HIB > CIB > CMM > HDIB > DIB. As 
previously observed with the calcium oxalate system, the PAA appears to be stabilizing the 
initially-formed kinetically-favored product so it is not transformed to the thermodynamic 
product, though less comprehensively. The crystals formed are more ill-defined than 
observed in the calcium oxalate system, which may be related to the higher concentration of 
polymer employed, a smaller difference in charge density between crystal growth faces, or 
some other unidentified feature of the system. 
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List of Acronyms 
ATRP, Atom Transfer Radical Polymerization 
CMM-PAA, Carboxymethyl-1,1-dimethyl-terminated poly(acrylic acid) 
EIB-PAA, Ethyl- isobutyrate-terminated poly(acrylic acid) 
CIB-PAA, Cyclohexyl-isobutyrate-terminated poly(acrylic acid) 
DIB-PAA, n-Decyl isobutyrate-terminated poly(acrylic acid) 
 FTIR, Fourier Transform Infrared spectroscopy 
HDIB-PAA, n-Hexadecyl isobutyrate-terminated poly(acrylic acid) 
HIB-PAA, n-Hexyl isobutyrate-terminated poly(acrylic acid) 
IT, Induction Time 
MSF, Multi-Stage Flash thermal desalination 
PAA, poly(acrylic acid) 
RAFT, Reversible Addition-Fragmentation chain Transfer polymerization 
SEM, Scanning Electron Microscopy 
SL, Supersaturation Level 
SS, Steady State value of a parameter 
XRD, X-ray Diffraction 
% IE, Percent Inhibition Efficiency 
 
